Abstract-A new field goniometer system (FIGOS) is introduced that allows in situ measurements of hyperspectral bidirectional reflectance data under natural illumination conditions. Hyperspectral bidirectional reflectance distribution function (BRDF) data sets taken with FIGOS nominally cover the spectral range between 300 and 2450 nm in 704 bands. Typical targets are smallgrowing, dense, and homogeneous vegetation canopies, man-made surfaces, and soils. Field BRDF data of a perennial ryegrass surface reveal a strong spectral variability. In the blue and red chlorophyll absorption bands, BRDF effects are strong. Lesspronounced bidirectional reflectance effects are observed in the green and in most of the near-infrared range where surface reflectance is high. An anisotropy index (ANIX), defined as the ratio between the maximum and minimum bidirectional reflectance over the hemisphere, is introduced as a surrogate measurement for the extent of spectral BRDF effects. The ANIX data of the ryegrass surface show a very high correlation with nadir reflectance due to multiple scattering effects. Since canopy geometry, multiple scattering, and BRDF effects are related, these findings may help to derive canopy architecture parameters, such as leaf area index (LAI) or leaf angle distribution (LAD) from remotely sensed hyperspectral BRDF data. Furthermore, they show that normalized difference vegetation index (NDVI) data are strongly biased by the spectral variability of BRDF effects.
Early measurements of bidirectional reflectance over various vegetation and soil surfaces demonstrated that most terrestrial surfaces expose non-Lambertian, i.e., anisotropic, reflectance characteristics [3] [4] [5] . As a result researchers identified the need for a more complete characterization of the BRDF effect as a key research issue in the early 1980's. Subsequently, more sophisticated goniometers have been developed, such as the portable apparatus for rapid acquisition of bidirectional observations of the land and atmosphere, PARABOLA. This unique three-band radiometer is able to scan almost a complete sphere in a helical pattern and provides a multitude of bidirectional reflectance data over a wide range of natural surfaces [6] . Goniometric devices have also been used to calibrate field reference-reflectance panels to compensate for their non-Lambertian BRDF characteristics [7] , [8] . Today, the anisotropy of radiation scattered from natural and manmade surfaces is well accepted, and a large number of models have been developed to describe adequately the bidirectional reflectance effect of various surfaces. However, most of the bidirectional reflectance data currently available lack a high spectral resolution, and most BRDF models do not explicitly take the spectral variability of BRDF effects into account.
Both NASA and the European Space Agency (ESA) have recognized the potential of combining multidirectional and hyperspectral reflectance data [9] , [10] , and with the advent of MODIS on NASA's Earth Observing System (EOS) AM-1 platform in 1999, high spectral resolution data with significant bidirectional effects will become widely available. In addition, remote-sensing companies and military agencies are currently developing satellite systems with high and hyperspectral resolution and off-nadir tilting capability, such as Warfighter-1 on OrbView-4 [11] and the multispectral high-resolution system (MSRS) on DAVID [12] . The potential of these new sensors can only be fully assessed if the physics driving spectral BRDF effects are well understood and if high-spectral ground BRDF data are available to validate the various BRDF model approaches.
The spectral variability of BRDF effects in vegetation canopies has been previously alluded to by Kimes [5] , but as in the PARABOLA studies of Deering et al. [13] , the phenomenon could not fully be addressed mainly due to a lack of high-spectral resolution data. Russell et al. [14] , [15] and Ranson et al. [16] used hyperspectral airborne BRDF data from the advanced solid-state array spectroradiometer (ASAS) to focus on the view and illumination angle dependence of the BRDF rather than on the spectral variability. Middleton [17] analyzed nadir-normalized hyperspectral BRDF data of 0196-2892/99$10.00 © 1999 IEEE Fig. 1 . FIGOS field goniometer assembled with the GER-3700 spectroradiometer for a field campaign at the University of Zürich campus. moderately sparse Konza prairie grass to elucidate spectral BRDF effects in vegetation canopies, but the influence of the soil background on the grass reflectance measurements affected the spectral characteristics of the grass BRDF.
In this study, BRDF measurements acquired in a field experiment over a dense ryegrass surface (i.e., no soil surface contributions) are analyzed for the persistence of the spectral variability of BRDF effects and for the relationship between BRDF effects, nadir reflectance signature, and multiple scattering effects. The data are obtained with a newly developed field goniometer system (FIGOS) that enables the acquisition of hyperspectral BRDF data and the investigation of spectral BRDF effects at small scales.
II. INSTRUMENT DESCRIPTION

A. Design and Performance
The field goniometer system (FIGOS) was designed and built by W. Sandmeier at Fa. Lehner & Co. AG, Gränichen, Switzerland, in joint operation with the Remote Sensing Laboratories (RSL) at the University of Zürich, Switzerland. FIGOS is a transportable field goniometer that is currently operated with a PC-controlled GER-3700 spectroradiometer covering the spectrum between nominal 300 and 2450 nm in 704 bands with a resolution of 1.5 (300-1050 nm) and 8.4 nm (1050-2450), respectively [18] (Fig. 1) . The goniometer consists of three major parts: a zenith arc and an azimuth rail, each of 2-m radius, and a motorized sled, where the sensor is mounted (Fig. 2) . All parts are made of blackcoated aluminum, resulting in a total weight of only 230 kg. The complete goniometer system is stored and transported on a trailer with a specifically designed interior, allowing fast and convenient access to a field site (Figs. 3 and 4) . For transportation, the azimuth rail and the zenith arc are disassembled. Mounting of the zenith arc is provided by sleds connected to the azimuth rail that allow a full 360 rotation. The ball-bearings of the wagons embrace the azimuth rail in a way that the zenith arc is tightly fixed so that measurements can be taken even on sloped terrain. A support linking the center of the zenith arc with the azimuth rail provides further stabilization and helps to guide the cables (Fig. 3) . In order to enable measurements in the solar principal plane, the zenith arc is mounted eccentrically on the azimuth rail and only the radiometer itself moves in the principal plane (Fig. 1) . Since the radiometer's instantaneous field-of-view is rather small, nominal 3 (circular shape), and always pointing to the center of the hemisphere, shadow on the target area only occurs when the radiometer is aligned with the sun. Mounted on the goniometer, the sensor's footprint is about 10.5 cm (diameter) in nadir direction and about 41 cm (major axis) in the most extreme view zenith angle position of 75 (Fig. 5) . Thus, the radiometer is always viewing approximately the same surface area in the center of the hemisphere.
The sled with the spectroradiometer mounted is driven by a 24-V DC braking motor, and a precision chain serves as a guideway for the 3/8 cogwheel. The motor velocity is set to 2.5 /s. Fully adjustable labels on the zenith arc allow for an automated positioning of the spectroradiometer. It is also possible to drive the sled-motor manually from a remote control unit to any desired position on the zenith arc between 75 and 75 . Positioning precision on the zenith arc is within 0.2 . The geometric precision of the zenith arc is referenced with the help of a laser moving over the zenith arc on plane ground. The deviation of the laser spot, representing the center of the sensor's field-of-view, shows values within 3.5 cm (Fig. 6 ). The roundness of the zenith arc is nearly perfect, showing deviations of the laser spot from the center within 1 cm between 60 and 60 . The azimuth view angle is given by a scale engraved in the azimuth basement. Currently, the zenith arc is positioned manually with the help of a pointer and a brake fixing the position of the zenith arc. The azimuth arc is almost perfectly round. A laser spot pointing vertically from the center of the zenith arc on the ground moves less than 1 cm when the zenith arc is rotated.
In the most current configuration, the PC control unit for the spectroradiometer is attached to a rod linking the zenith and azimuth arcs (Fig. 3) . By this means, the PC and connected cables are rotated with the zenith arc, which greatly reduces the risk of a cable jam and facilitates the operation of FIGOS. About 90 min are needed for the setup of the goniometer with a team of two people. An illustration of the assembling steps is given in Sandmeier et al. [19] .
B. Construction Schedule and Costs
The main construction phase ran from October 1993 to May 1994 and was followed by a two-month period of initial tests. In April 1995, a first field experiment with a GER-3700 spectroradiometer was performed. In 1996, FIGOS became fully operational with the purchase of a trailer for storing and transporting the goniometer parts. The planning and main construction of FIGOS required about 700 working hours. The estimated costs are listed in Table I .
III. METHODOLOGY
A. Definitions 1) BRDF: The bidirectional reflectance distribution function (BRDF)
, as defined by Nicodemus et al. [2] , is the ratio of the radiance W m nm reflected in one direction to the incident irradiance W m nm from direction ( Fig. 7) (1) Although and are both clearly directional quantities, BRDF measurements are given in . This is due to diffuse reflection, which causes the small, but finite incident irradiance to be reflected in infinitesimally small solid angles in all directions over the hemisphere. A dimensionless quantity would therefore only be appropriate if all components of originating from were integrated before taking the ratio of to . This, however, contradicts the bidirectional concept of the BRDF.
2) Bidirectional Reflectance Factor (BRF):
The BRF, also referred to as , is the radiance reflected from a surface in a specific direction divided by the radiance reflected from a lossless, Lambertian reference-reflectance panel measured under identical illumination geometry. The term bidirectional implies that directional measurements should be taken in infinitesimally small solid angles and that illumination from a single direction would be required. Therefore, reflectance factors that are measured are sometimes referred to as biconical reflectance factors. Since the field-of-view of the GER-3700 is sufficiently small and field measurements are taken under clear sky conditions with predominantly direct radiation, the measured values closely approximate BRF's [20] . The deviation of the spectralon reference-reflectance panel from ideal Lambertian reflectance characteristics is corrected with a panel calibration coefficient determined with the GER-3700 radiometer in the laboratory [21] (2) Unlike BRDF, BRF's are dimensionless. Assuming isotropic irradiance and constant BRDF within designated solid angles, BRDF ( ) and BRF ( ) are interrelated (3) Both BRF and BRDF expose values between zero and infinity. Values larger than one for BRF and over for BRDF are obtained in peak reflectance directions, such as the hot spot, where the reflected flux from a target surface is higher than the flux from a Lambertian reflector.
3) Anisotropy Factor and Index: Anisotropy factor (ANIF) and anisotropy index (ANIX) are used in this study to analyze the spectral variability in BRDF data. Anisotropy factors (ANIF) allow separation of spectral BRDF effects from the spectral signature of a target. They are calculated by normalizing reflectance data to nadir reflectance
The ANIX is an overall estimate for reflectance anisotropy and useful for comparing spectral BRDF effects of different surfaces. It is the ratio of the maximum ( ) and minimum ( ) BRF measured over a target surface in a spectral band ANIX
and are usually located in the solar principal plane. For vegetated surfaces, is associated with the hot spot, whereas is normally close to nadir in the forward scattering direction.
4) Hemispherical Reflectance:
Hemispherical reflectance is the ratio of total hemispherical reflected ( ) and incident ( ) radiant flux (6) is sometimes referred to as spectral albedo and derived by integration of the BRF's over the hemisphere (7) B. Measurement Technique and Considerations 1) Measurement Scheme: By default, increments of 15 and 30 are set in the zenith and azimuth directions, respectively. From 75 to 75 view zenith angle, 11 target measurements are taken in each of the six azimuth directions from 0 to 150 . Thus, to cover the hemisphere, 66 measurements of the target surface are needed. A measurement series usually starts in the solar principal plane where bidirectional reflectance effects are most pronounced. The alignment of the zenith arc with the sun is accomplished using the engraved azimuth angle scale that is oriented to the geographical north by a compass and verified with the cast shadow of the zenith arc. Subsequently, the zenith arc is rotated by 30 to acquire data in the consecutive azimuth profiles. Each azimuth plane requires about 3 min, resulting in a total data acquisition time of approximately 18 min. In the middle of each azimuth profile, a Spectralon reference-reflectance panel is measured from nadir position to determine irradiance conditions. A support allows precise alignment of the panel with the goniometer's azimuth plane and ensures vertical measurement position (Fig. 3, foreground) . The Spectralon panel is corrected for the non-Lambertian and nonideal reflectance characteristics [21] . In addition, a Reagan sunphotometer is usually applied to monitor irradiance conditions and determine the percentage of diffuse irradiance.
2) Considerations of Field-of-View and Irradiance Conditions:
The BRDF concept assumes monodirectional viewing and illumination conditions (compare Section III-A). In actual field campaigns, however, the radiometer's field-of-view and the sun's irradiance are not delimited in a single direction. With FIGOS, a directional field-of-view is approximated by choosing a small sensor field-of-view of 3 . Constant and direct illumination can be assumed for short measurement periods and clear sky conditions with low aerosol concentration and lack of clouds. Changes of atmospheric conditions and in the sun's position during data acquisition are largely compensated by frequent reference-reflectance measurements. Since the bulk of diffuse irradiance under clear sky conditions is circumsolar [22] and thus close to the direction of the direct illumination beam, the influence on BRDF measurements is reasonably small. A sensitivity analysis under controlled laboratory conditions has shown that for FIGOS an optimal compromise between a short measurement time and a high BRDF sampling rate is achieved through the chosen data acquisition scheme described above [21] .
3) Sample Size, Heterogeneity, and Representation: Due to the rather small radiometer's field-of-view, the sampling areas of FIGOS are small, particularly, in nadir direction (Fig. 5) . In order to obtain representative measurement samples, targets are restricted to relatively small-scale and smooth surfaces, such as dense and homogeneous vegetation canopies, manmade surfaces, and soils. Advantages of small sampling sizes, on the other hand, include better control over environmental conditions and the ability for controlled case studies with distinct sample surfaces. Use of FIGOS to collect BRDF data on small scales still can complete the groundwork required for remote sensing of larger areas since the relation of a grass lawn structure to the FIGOS sampling size for example is analog to observing a forested area with a remote-sensing device of 250-m pixel size.
C. Data Processing and Analysis
The chronologically numbered field measurements are first transferred to a file system that handles different angular sampling resolutions, measurement starting points, and sensor moving directions as well as gaps in the data series. The data are then transformed from a binary into a standard ASCII format. Imported into IDL [23] , quality tests for sensor drop outs, sensor noise, and consistency of nadir measurements are performed, followed by the derivation of reflectance values. In order to reduce the impacts of atmospheric and sun position changes, reflectances are determined individually for the six azimuth profiles using the corresponding spectralon reference-reflectance measurements. The non-Lambertian reflectance characteristics of the panel are taken into account according to (2) (Section III-A.). BRDF data, anisotropy factor, and anisotropy index, as well as hemispherical reflectance values are derived based on (3)- (5) and (7). Interpolation techniques as applied in the hot spot direction and for view zenith angles over 75 are described in Sandmeier et al. [21] , together with plotting algorithms and coordinate systems used.
IV. FIELD EXPERIMENT
A. Experiment Setup
A moderately moist, dense, and uniform soccer grass lawn located at Cham/Zug in Central Switzerland ( N / E, 431 m asl) was measured June 14, 1996, between 9:13 and 9:33 UT under clear sky conditions (Fig. 3) . During the measurement series, the sun zenith angle began at 35.9 and ended at 33 . The target area was almost completely flat with a tilt angle less than 1 . The predominant species was perennial ryegrass (Lolium perenne), with an average canopy height between 3 and 3.5 cm. Measurements and processing steps were completed as described in Section III- B. The sunphotometer was not available for this particular day. Local meteorological stations reported a meteorological visibility range of about 30 km, which corresponds to an aerosol optical thickness of 0.20 at 550 nm and a percentage diffuse irradiance of 19% at 550 nm [24] . The six reflectance-reference measurements taken periodically during data acquisition showed a relative root mean square error (rmse) of 2.1% at 550-nm wavelength after correcting the impact of sun zenith angle changes based on the cosine law. Thus, fairly stable atmospheric conditions can be assumed for the measurement time frame. The GER-3700 experienced sensor dropouts in a few bands and noise problems in wavelength bands below 500 nm, around 1050 nm, and particularly above 1850 nm. Major outliers are excluded from analysis and shown as gaps in the figures. Due to the technical configuration of FIGOS, measurements close to the hot spot are affected by sensor shadow. Thus, the hot spot area is interpolated using a spherical Delaunay triangulation technique described in Sandmeier et al. [21] . In line graphs showing the principal plane, only values at 30 view zenith angle are affected.
B. Results and Discussion
The nadir-normalized 1 BRDF data (i.e., ANIF data) of perennial ryegrass showed a strong spectral variability (Figs. 8-12 ). In the visible blue and red chlorophyll absorption bands, BRDF effects were pronounced, whereas in the visible green and particularly in the low absorbing nearinfrared range, relatively low BRDF effects were observed. This finding is analogous to the results of a laboratory campaign conducted at the European Goniometric Facility (EGO) of the Joint Research Center (JRC) in Ispra, Italy [25] . The spectral dependence of BRDF effects is caused by the relationship between canopy optical properties and multiple scattering effects. In the high absorbing (i.e., low reflecting) wavelength ranges, multiple scattering effects are reduced due to the relatively low amount of radiation in the vegetation canopy. Thus, the contrast between shadowed and illuminated canopy components, and subsequently, the BRDF effects are enhanced. In the visible green and, particularly, in the near-infrared range, multiple scattering effects are strong and diminish the contrast in the canopy. As a consequence, BRDF effects are rather small in the low-absorbing (i.e., high-reflecting) wavelength ranges.
Figs. 8-12 illustrate the spectral variability of BRDF effects in ryegrass through five different perspectives. In Fig. 8 , anisotropy factors are depicted in the solar principal plane for four wavelength bands representing the colors red, blue, and green and the near-infrared range. Typical for vegetated surfaces, all four bands expose bowl shape, hot spot, and forward scattering components, but the extent of the BRDF features varies significantly among the four wavelengths. In the forward scattering direction, for example, the blue band exhibits much lower anisotropy factors than the green and red bands due to transmittance effects. As a consequence, the color of grass and other vegetated surfaces often show a touch of yellow in the forward scattering direction [26, Fig. 1 ]. In the hot spot direction, the green reflectance is decreased relative to the reflectance of red and blue wavelengths. Thus, the hot spot appears white rather than green. The spectral variability of BRDF effects in perennial ryegrass is summarized in Fig. 9 for 12 wavelength bands between 480 and 2307 nm. The first three wavelengths 480, 550, and 675 nm show extremes of the continuously changing BRDF shapes, and the wavelength bands between 675 and 1048 nm illustrate the transition of the BRDF from the high-absorbing visible red to the high-reflecting near-infrared part. Throughout the near-infrared range, the high amount of multiple scattering limits BRDF effects. There are, however, exceptions, such as the 1452-and 2049-nm bands, where lower reflectances cause rather strong BRDF effects due to a decrease in multiple scattering [refer to nadir reflectance signature in Fig. 11(a) ]. The hot spot that is interpolated from adjacent measurements [21] emerges particularly in the highabsorbing wavelength ranges, such as the blue and red, but is less pronounced in the highly reflective near-infrared bands. All 12 wavelength bands show a fairly symmetrical bowl shape due to the gap and backshadow effects [5] , [25] . The bowl shape is particularly well developed in the near-infrared since the large amount of multiple scattering reduces hot spot and forward scattering components but augments reflectance at high view zenith angles. Forward scattering is still evident in the near infrared when low reflectance values lead to a decrease of multiple scattering effects, such as in the 1452-and 2049-nm bands. In contrast to the visible range, where forward scattering is mostly due to specular reflectance, in the near-infrared, the forward scattering component is caused by strong transmittance effects. A further discussion of the spectral dependence of the bowl shape, hot spot, and forward scattering components is given in Meister et al. [27] . Continuity in BRDF changes over the spectral range is demonstrated for principal plane data in Fig. 10 . Fig. 10(a) and (b) provide a more quantitative analysis, while Fig. 10(c) and (d) emphasize the persistence of the BRDF effect over the various view zenith angles. Fig. 11 confirms that most of the spectral variations of the BRDF are related to surface reflectance, which dominates multiple scattering in a vegetation canopy. The fact that the ANIF data for different wavelength ranges do not overlay in Fig. 11(b) is believed to be caused by leaf transmittance effects that are not always linearly correlated with canopy reflectance properties and therefore contribute an additional component to the multiple scattering effect [25] .
The spectral variability of BRDF effects also has a major impact on normalized difference vegetation index (NDVI) products since they are derived from two wavelengths with completely different BRDF characteristics (Fig. 12) [28] . The red band exposes very high BRDF dynamics, whereas in the near-infrared, BRDF effects are rather small (Fig. 9) . The highest impact is evident in the hot spot area where a 7% decrease of NDVI from nadir NDVI results from BRDF effects in our case (Fig. 12) . For higher source zenith angles even larger deviations are expected since the BRDF effect is more pronounced under high solar zenith angles [5] .
V. CONCLUSIONS
A unique field goniometer system, FIGOS, has been developed for the acquisition of hyperspectral BRDF data of smallscale surfaces under natural illumination conditions. FIGOS is a transportable instrument that collects hemispherical BRDF data sets in approximately 18 min with a positioning accuracy of 0.2 in zenith and azimuth directions. Field campaign data taken from perennial ryegrass at 35 solar zenith angle revealed a strong spectral variability of BRDF effects. The ratio between the maximum and minimum reflectance measurements over the hemisphere, defined as ANIX in this study, varied between 1.4 and 2.8 for the 450-2450-nm wavelength range (excluding outliers). In agreement with laboratory results [25] , most of the spectral variations in the BRDF of perennial ryegrass are related to the target surface reflectance that controls a large amount of multiple scattering, and, as a consequence, affects the contrast between shadowed and sunlit canopy components. Wavelength ranges with high reflectance showed strong multiple scattering effects and diminished the BRDF effect. Ranges with low surface reflectance, however, exhibited low multiple scattering and pronounced BRDF effects. Consequently, NDVI products are biased by spectral BRDF effects.
Since multiple scattering effects are ultimately related to canopy structure, hyperspectral BRDF data have a potential for derivation of canopy architecture parameters, such as the leaf angle index (LAI) and the leaf area distribution (LAD) from remote-sensing data [26] . Integration of the spectral variability of BRDF effects into remote-sensing applications, however, still requires further ground work and modeling efforts to improve our understanding of the physics behind BRDF effects.
